Objectives: There is increasing evidence that intravenously injected neural progenitor cells promote recovery of bladder function in rodents, following contusive spinal cord injury through migrating into the injured spinal cord tissue and differentiating into central nervous system cells. The present study was aimed to clarify whether intravenously transplanted bone marrow stromal cells (BMSCs) could improve lower urinary tract (LUT) function in rats with spinal cord transection (SCT). Methods: A total of 22 rats underwent experimentation in three groups, including group 1-sham operation, group 2 (BMSC)-SCT plus BrdU (5-bromo-2¢-deoxyuridine) labeled BMSCs transplantation at day 9 after SCT, group 3-SCT control. All rats were investigated urodynamically on day 28 after transplantation. Results: BMSCs identified by BrdU immunohistochemistry survived in the injured spinal cord and lumbar level 3-4 (L 3À4 ). Voiding pressure, episodes of non-voiding contractions and residual urine volumes were significantly decreased in BMSC rats, compared with the controls. Bladder capacity was similar in both groups. In four out of eight BMSC rats and one out of seven controls, the tonic and bursting external urethral sphincter electromyographic activity were detected during cystometry. Silent periods during bursting were shorter and activity periods were longer in BMSC rats compared with sham rats. 
INTRODUCTION
The main functions of the lower urinary tract (LUT) to store and periodically release urine are dependent upon neural circuits located in the brain, spinal cord and peripheral ganglia. 1, 2 Spinal cord injury (SCI) above the lumbosacral level interrupts this coordination between the bladder and the striated sphincter, leading to non-voiding contractions (NVCs) and detrusor-sphincter dyssynergia, which impedes voiding and leads to large residual urine volume (RUV). 3 In the rats, micturition-associated bursting external urethral sphincter (EUS) activity, characterized by alternating bursts of EUS activity and relaxation (silent periods (SP)), is lost after SCI and has been reported to be replaced by tonic, dyssynergic activity. 4 As the mature central nervous system cannot generate new neurons and glial cells, bladder functional recovery is limited following SCI. However, recent studies suggest that transplanted neural progenitor cells promote recovery of the bladder function through regeneration of the injury site. [5] [6] [7] [8] In most of these studies, stem cells have been injected into the lesion directly with a needle, 5, 7, 8 carrying the risk of further injury to the spinal cord. Otherwise, these studies did not examine the changes of EUS activity in the spinal injured rats after cells transplantation.
The present study was designed to demonstrate an improvement for LUT function in rats with spinal cord transection (SCT) by intravenous injection of bone marrow stromal cells (BMSCs).
MATERIALS AND METHODS Animals
We used adult male Sprague-Dawley rats (PLA Academy of Military Science, Beijing, China) weighing between 200 and 250 gm in this study. A total of 16 rats received SCT and intravenous transplantation of cell culture medium (control, n¼8) or BMSCs (BMSC, n¼8) at day 9 after SCT. Six laminectomyonly rats served as age-matched controls with an intact spinal cord (sham, n¼6). All the experiments were performed in compliance with relevant laws and institutional guidelines.
Cell culture
BMSCs obtained from donor male Sprague-Dawley rats (3-4 weeks old) were incubated in HyQ MEM Alpha Modification (HyClone, Logan, UT, USA) with 10% fetal bovine serum (Gibco, Grand Island, NY, USA) and 1% antibiotics (penicillin-streptomycin; Gibco), and maintained at 37 1C in 5% CO 2 /95% ambient mixed air. For injection to animals, BMSCs were labeled with 5-bromo-2¢-deoxyuridine (BrdU) (3 mg ml -1 , Sigma-Aldrich, St Louis, MO, USA) in vitro for 3 days. Passage 3-5 BMSCs were used.
SCI and cell transplantation
Rats were anesthetized with chloral hydrate (360 mg kg À1 , intraperitoneally). After a T8-T9 laminectomy, the dura matter and spinal cord were cut with a scalpel blade and a section of spinal cord (2 mm) was removed. Gelfoam was placed between the severed ends of the spinal cord. The overlying muscle and skin were sutured. The bladder was expressed manually every 6-8 h until automatic micturition developed.
On day 9 after SCT, BMSCs (3Â10 6 cells in 300 ml culture medium) were injected with a 1 ml syringe into the tail vein of SCT rats. The control rats received intravenous injection of 300 ml culture medium. No immunosuppression was performed during the investigations to prevent any confusion.
Urodynamic assessment of LUT function
Urodynamic tests were performed on day 28 after cell transplantation. Following urethane anesthesia (1.2 g kg À1 , subcutaneously in sham rats and 0.8 g kg À1 , subcutaneously in SCT rats), 9 the urinary bladder was exposed via a middle abdominal incision and the rostral half of pubic symphysis was removed to expose the EUS. Two fine insulated silver needle electrodes (0.3 mm diameter) with exposed tips were inserted into lateral sides of the midurethra. A 20 gauge intravenous cannula was inserted through the bladder apex into the lumen for physiological saline infusion and bladder pressure measurements. 10 The intravenous cannula was in turn connected via a 3-way stopcock to an infusion pump and a pressure transducer (TME, Chengdu, China). The electromyogram (EMG) activity was preamplified, filtered through a 1 kHz filter, sampled at 5 kHz and acquired simultaneously with the intravesical pressure.
Urodynamic tests usually began at 3-4 h after the induction of anesthesia. After the bladder was emptied, cystometry was performed at an infusion rate of 0.1 ml min À1 with saline at room temperature. Three micturition cycles were collected after 30 min of saline infusion. The averages of the voiding pressure, RUV, bladder capacity and the number of NVCs per micturition episode were measured. A NVC was defined as a rhythmic intravesical pressure increase 45 mm Hg from baseline without a release of fluid from the urethra. 5, 6 At the time of voiding, saline infusion was stopped and voided saline was collected to determine voided volume. Then, residual saline was first withdrawn through the intravesical cannula and then the bladder was then expressed manually by applying pressure on the bladder wall to measure RUV. Bladder capacity was calculated as voided volume plus RUV. Voiding efficacy was estimated by the formula: (voided volume/bladder capacity) Â100.
Histology and immunohistochemistry
After cystometry the animals were anesthetized with chloral hydrate (360 mg kg À1 , intraperitoneally) and killed. The entire spinal columns of rats were fixed by transcardial perfusion with saline, followed by perfusion and immersion in 4% paraformaldehyde. The spinal column was removed after which the entire spinal cord was dissected. Segments 40 mm rostral and caudal to the site of injury were paraffin embedded as well as lumbar level 3-4 (L 3À4 ), as this neurons in L 3À4 were involved in the generation of EUS bursting activity during voiding. 11 A series of adjacent 6 mm coronal or longitudinal sections were cut and a section of each block of the spinal cord was stain with hematoxylin/eosin (H/E). Immunohistochemistry for BrdU was performed on serial sections using the avidin-biotin complex method.
Statistical analysis
Urodynamic data were analyzed using one-way ANOVA comparing groups. Post-hoc analysis was performed using Student-Newman-Keuls tests for continuous data or Fisher's exact test for categorical data. Significance levels were set to 0.05 for all comparisions. (Figures 2b and d) . Figure 3 shows typical cystometry charts for sham, control and BMSC rats. As saline was infused into the bladder, rhythmic intravesical Intravenously transplanted BMSCs promote recovery of LUT function in SCT rats Y Hu et al pressure waves appeared before voiding in control and BMSC group, but not in sham rats. These pressure waves, termed NVCs, were not associated with saline release from the urethra. As detailed in Table 1 , there were fewer NVCs in BMSC rats, compared with the controls. Filling duration was significantly longer in SCT rats than sham rats, indicating that bladder capacity of spinal injured rats was larger than sham rats.
RESULTS
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As detailed in Table 1 , because one of controls died after the surgery, cystometry was done in six sham, seven control and eight BMSC rats. ANOVA revealed significant differences among the three groups for all parameters. Post-hoc analysis showed differences between control and sham rats for voiding pressure (Po0.01), number of NVCs (Po0.01), the bladder capacity (Po0.01), RUV (Po0.01) and voiding efficiency (Po0.01). BMSC rats had lower voiding pressure (Po0.01), fewer episodes of NVCs (Po0.01), less RUV (Po0.05) and better voiding efficiency (Po0.01) than controls. Although cystometry parameters in the BMSC group were improved compared with controls, they remained significantly different from sham group in voiding pressure (Po0.01), bladder capacity (Po0.01), RUV (Po0.05) and voiding efficiency (Po0.01). Figure 3 shows a bladder contraction during voiding is accompanied by large-amplitude EUS EMG activity (bursting activity) in all sham rats. NVCs were accompanied by an increasing EUS EMG activity (tonic activity) during bladder filling in SCT rats. Figure 4 shows typical EUS EMG for sham, control and BMSC rats during voiding. In all, 2 types of EUS EMG activity were detected during voiding in all sham and half of BMSC rats. In these rats, the EUS EMG activity markedly increased during bladder contractions (Figure 4a ) and 
EUS EMG
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Y Hu et al consisted of an initial period of tonic activity followed by a bursting pattern of activity characterized by clusters of high-frequency spikes (active period (AP)) separated by periods of quiescence (SP) (Figure 4b ). In sham rats, the average duration of the bursting period was 5.0±2.76 s and consisted of the SP that was obviously longer (131.78 ± 17.07 ms) than the AP (38.10 ± 9.63 ms) ( Table 2 ). In controls, only 14.29% rats (Po0.01) demonstrated bursting activity, significantly fewer than the sham group. Bursting activity was detected in 50% of BMSCs rats, which was more than controls (Po0.05). However, in the BMSC group, the AP was significantly longer (Po0.01), and the SP (Po0.01) and SP/AP ratio (Po0.05) were significantly less than sham rats.
DISCUSSION
In spinal cord-intact rats, when the bladder is filling, the L 6 -S 1 spinal cord accepts afferent input from bladder mechanoreceptors to generate tonic EUS activity mediated a spinal reflex pathway. Although the bladder is voiding, pontine micturition center projects to the lumbosacral micturition center to generate bladder contractions and to L 3-4 bursting center to generate EUS bursting. 11 SCI above the lumbosacral level interrupts the coordination between the bladder and EUS, inducing the appearance of reflex micturition and NVCs, mediated by the reemergence of spinal reflex pathways via C-fiber bladder afferents that are not essential for normal voiding. 12 However, the reflex micturition is inefficient because of persisting detrusorsphincter dyssynergia, which is induced by activity of bladder C-fiber afferents in deeply anesthetized SCI rats. 9 In our study, we found significant recovery of bladder function in BMSC rats. First, we found an improvement (decrease) in the incidence of NVCs during bladder filling. It has been speculated that directly injected stem cells inhibit unmediated C-fiber bladder afferent sprouting and thereby decrease a C-fiber bladder-to-bladder spinal micturition reflex in SCI rats. 6 However, it is different to a recent study on transplantation of neuronal-glial restricted precursors or neural cells to rats with traumatic SCI, 8 suggesting that recovery of function mediated by parasympathetic systems may be more difficultly accomplished than that mediated by somatic pathways. 5 Secondly, significant improvements were observed in voiding pressure, RUV and voiding efficiency during micturition, which were attribu- Intravenously transplanted BMSCs promote recovery of LUT function in SCT rats Y Hu et al table to alleviating EUS dysfunctions. However, there was no decrease in the bladder capacity in BMSC group, compared with controls. Such an increase in the bladder capacity is thought to be caused by the bladder overdistention during the areflexic period before cells transplantation.
We also observed the recovery of the urethral function and coordination between the bladder and EUS. The EUS EMG was acquired simultaneously with the intravesical pressure. It was a new view of the recovery of the urethral function, comparing with the similar studies. 5, 7, 8 This could clearly prove the recovery of bladdersphincter synergia in rats after BMSC transplantation. We analyzed the EUS EMG pattern to show that the EUS exhibited bursting activity which appeared to facilitate voiding in sham rats; whereas the EUS exhibited tonic activity which inhibited voiding in SCI rats. 3 EUS bursting activity consists of SP, when the urethra is relaxed, permitting urine to be expelled, and AP, when the urethra is closed. 9 It is thought to be necessary for bladder-sphincter synergia during voiding in rats. In half of the BMSC rats, we observed EUS bursting activity, longer SP and shorter AP during voiding under urethane anesthesia. These results were similar with the previous studies that EUS bursting activity was not detected in all SCI rats under anesthesia, 9,13 because of the depressant effect of light urethane on voiding function. On the other hand, efficient voiding depends on the duration and number of urethral openings during voiding. As shown in Table 2 , the SP was shorter in BMSC rats than in sham rats, whereas the AP was increased. Thus, although bursting occurs in BMSC rats, it is abnormal (that is, 78.75% shorter SP/AP), presumably contributing to the higher voiding pressure, larger RUV and less efficient voiding than the sham rats, because bursting activity is less robust in the BMSC rats than in rats with an intact neuraxis. 9 In the current study, we used gelfoam for keeping two severed ends of spinal cord separate, which was confirmed by H/E staining of the injured spinal cord. There were no connections of the gray and white matter in BMSC rats, although BrdU immunoreactive cells were found rostrally and caudally from the lesion area. Chopp et al. 14 described that the homing of intravenously infused mesenchymal stem cells to the sites of injury was reminiscent of inflammatory cells to the injured tissue, and similar mechanisms were considered for BMSCs. These BrdU-labeled BMSCs cannot promote partial sparing of descending modulatory pathways that course through the lateral and ventral funiculi to the lumbosacral cord in SCT rats, which is a reasonable hypothesis responsible for the bladder function improvement in rats with spinal cord contusion. 6, 7 So what is the actual mechanism for the LUT function recovery in BMSC rats? The discovery of BrdU-labeled BMSCs in the dorsal gray commissure of L [3] [4] indicates that the reorganization of synaptic connections may be taken place, which is responsible for the formation of the new pathways of voiding reflex in BMSC rats. Marson 15 and Lee et al. 16 found that neurons in the dorsal gray commissure activated with the pudendal or pelvic nerve stimulation might integrate afferent signal neurons within multiple spinal segments and relay important sensory information to the brain in spinally intact rats. On the other hand, Dolber et al. 17 and Chang et al. 11 proposed a hypothetical framework for the coordinated bladder contraction and bursting EUS relaxation in the SCI rats including a capsaicin-insensitive afferent input to a switch, which directly or indirectly controls excitation of the parasympathetic preganlionic neurons and relaxation of the Onuf's nucleus motor neurons. In our study, BMSCs in the dorsal gray commissure, presenting proximal to both the sacral parasympathetic preganglionic neurons and the spinal EUS pattern generator, may promote the formation of the switch to coordinate bladder contraction and EUS relaxation by expressing neuronal and astroglial markers 18 or secreting neurotrophic factor and cytokine. 19 In the current study, we did not examine how these BMSCs differentiated after transplantation. Clearly, this is a limitation of the study. In addition, a recent study showed that BMSCs were homed into partial bladder outlet obstruction bladder and differentiated into the several components of the bladder tissue, contributing to the regeneration of the partial bladder outlet obstruction bladder (2011 AUA annual meeting abstract 429). These findings indicate that there may be other mechanisms for the improved bladder function in BMSC rats, on which we will do more work in our further research.
CONCLUSIONS
Intravenously transplanted BMSCs survived in the L 3-4 at least 4 weeks. Some improvements in LUT function were observed following BMSCs-transplantation in SCT rats. Although the current study is preliminary, intravenous transplantation of BMSCs may have some potentiality for treating LUT dysfunction after SCI in humans. 
